Although wurtzite InP nanowires have recently been grown, an accurate description of the wurtzite InP phonon dispersion is still missing. We calculate the ab initio phonon dispersion of wurtzite and zinc-blende InP using density-functional perturbation theory and a real space supercell approach. Our predicted optical phonon frequencies agree well with measured Raman data from InP nanowires. We find that treating In 4d electrons as valence electrons is required to accurately describe InP lattice dynamics and dielectric constants, but including spin-orbit coupling has little effect. We also compare the sound velocities and specific heat and find that any difference in the thermal conductivity of InP polytypes should be due to differences in phonon-scattering rates.
I. INTRODUCTION
Self-assembled nanowires based on III-V materials like InP have shown great promise for a range of applications including field effect transistors [1] , photodetectors [2] , thermoelectrics [3] , and solar cell arrays [4] . This is due in large part to a number of superlative attributes of these systems, including direct band gaps, high mobility electrons, and the ability to selectively dope regions n or p type. Bulk III-V materials, such as arsenides, phosphides, and antimonides, typically have a zinc-blende (ZB) crystal structure. However, the concerted effort to fabricate devices based on III-V nanowires has also shown that it is possible to grow other crystal phases that are unstable in bulk form, such as the wurtzite (WZ), 4H, and 6H polytypes. This typically occurs due to stacking faults during growth of [ The ability to modulate the crystal structure during nanowire growth could have important implications for the phonon and thermal properties of nanowires. ZB-WZ interfaces could lead to enhanced phonon scattering and affect the measured Raman signal from these nanowires. In addition, the phonon dispersion along the -A line for the WZ phase can be approximately treated as a folding of the phonon branches along the -L line in the ZB phase. This folding leads to additional optical modes at the point that could result in additional phonon scattering [5] and reduced thermal conductivity. Currently, only a few works have addressed this issue [5, 6] , and the lack of accurate phonon-dispersion data on the WZ phases of III-V materials has made progress in this area difficult. A recent work found that WZ InAs nanowires had a lower thermal conductivity than corresponding ZB nanowires [6] . However, an ab initio analysis of the lattice dynamics of the two phases indicated that the two phases have similar phonon properties (i.e., sound velocity and specific heat), and the difference in the thermal conductivity was attributed to differences in surface scattering. It is interesting to note that, in this case, the c/a ratio for the WZ phase was * derek.stewart@cornell.edu predicted to be close to the ideal ratio of √ 8/3, indicating that the local environment for atoms would be very similar for the two phases. In the case in which the c/a ratio deviates from the ideal value, the variations in crystal phase could have a strong effect on phonon properties.
While the phonon dispersions of various III-V polytypes have been studied using density-functional theory and other techniques, very few works have considered WZ InP. Available data on the WZ phonon dispersion are currently limited to Raman spectra [7] [8] [9] and a fitted rigid-ion model [9] . These works also find different frequencies and symmetries for the WZ Raman peaks. In this work, we will use first-principles approaches to determine the phonon dispersion of ZB and WZ InP. An accurate description of the phonon dispersion can help confirm previous Raman measurements and identify the symmetry of Raman peaks. In addition, we will also determine the sound velocity and specific heat of WZ InP.
A brief review of previous work on the lattice dynamics of ZB InP is necessary to highlight some unresolved issues that could impact our investigation. While an early work [10] using an overlap valence shell model was able to fit the measured ZB InP phonon dispersion [10] [11] [12] , this empirical approach required ten fitting parameters and did not provide significant physical insight. Ab initio lattice-dynamical calculations for ZB InP [13] [14] [15] using density-functional perturbation theory (DFPT) [16] are in excellent agreement for the measured acoustic branches but overestimate the optical frequencies. The match with the experimental phonon dispersion can be improved by increasing the lattice constant slightly [15] , but this does not explain the cause of the disagreement. An accurate representation of the optical branches is important for our current investigation given that the only experimental data for WZ InP phonons come from Raman spectroscopy [7] [8] [9] . A possible cause for these overestimated optical modes can be found in prior work on the ZB InP dielectric constant. A DFPT study of several III-V semiconductors [13] found that the dielectric constant was overestimated in all cases, except for In-V compounds, (InP, InAs, and InSb), where it was underestimated. The authors suggested that the anomalous behavior in In-V compounds could be due to the fact that In 4d electrons were not included as valence electrons. However, this hypothesis was not confirmed. While a previous DFPT study [17] found a smaller overestimate of the optical [9] . The WZ phonon dispersion in this case was calculated using a 11 parameter rigid-ion model [18] that was fitted to experimental ZB InP phonon-dispersion data. While this model gives a reasonably good agreement with the measured TO and LO branches at the point, it only includes first-and second-nearest neighbor interactions. Since ZB and WZ atomic interactions only deviate for third-and higher-order neighbor interactions, it is unclear if this model will be sufficient to describe the full WZ InP phonon dispersion.
II. METHODS
The ab initio phonon dispersions of ZB and WZ InP were calculated using DFPT [16] and a real space supercell approach. DFPT calculations were done with the plane-wave pseudopotential code QUANTUM ESPRESSO [19] and used a 80-Ry plane-wave cutoff and the local-density approximation (LDA) for exchange and correlation energies. Previous work found that the local-density approximation does a better job than the generalized gradient approximation (GGA) for III-V systems [20] . For the case in which we neglect In 4d electrons, we used Bachelet, Hamann, and Schlueter (BHS) norm-conserving pseudopotentials [21] with a nonlinear core correction for In. For the case in which In 4d electrons were included, we used ultrasoft pseudopotentials to describe the In and P ions. Although the spin-orbit splitting of bands is small (≈0.1 eV) [22] , we examined the effect of spin-orbit coupling on the phonon dispersion using a fully relativistic calculation [23] . A 16 × 16 × 16 Monkhorst-Pack k-point grid was used to describe the electronic properties of both crystal structures. For the real space supercell approach, the ground-state electronic structures for the InP polytypes were determined using the plane-wave code VASP [24, 25] with the projector augmented wave (PAW) [26] approach, a 8 × 8 × 8 Monkhorst-Pack k-point grid, and a 600 eV plane-wave cutoff. To determine the phonon dispersion for ZB and WZ InP using DFPT, the dynamical matrices were calculated on a 6 × 6 × 6 Monkhorst-Pack q-point grid in the Brillouin zone. Real space phonon calculations were performed with Phonopy [27] on a 2 × 2 × 2 supercell using a 2 × 2 × 2 K-mesh sampling.
Overall, our predicted lattice parameters (Table I ) agree well with available theoretical results and experimental data for bulk ZB InP and WZ InP nanowires. Our lattice constants using 4d In electrons for WZ InP (a = 4.1215Å, c/a = 1.6432, and u = 0.374289) are close to the measured value in WZ InP nanowires [28] . For calculations with 4d electrons, we find that the ZB phase is more stable than the WZ phase by 0.44 meV/atom. We also did a calculation with normconserving TM FHI pseudopotentials with In 4d electrons and found that the ZB phase was more stable by 0.43 meV/atom. A few other trends are worth noting. First, the predicted lattice constants using QUANTUM ESPRESSO are all less than the measured lattice constants. It is well known that LDA overbinds, so a small underestimate is expected. However, calculations that neglect 4d electrons have the greatest deviation from experiment, indicating that 4d electrons do play a role in InP bonding. Including spin-orbit coupling and 4d electrons leads to slightly smaller lattice constants than for the case in which only 4d electrons are included. Using VASP PAW, the predicted ZB InP lattice constant (5.878Å) is in good agreement with experiment. For WZ InP, the calculated lattice constant, 4.1440Å, and c/a ratio, 1.6454, compare well with the measured values, 4.1423Å and 1.6419 [28] , respectively.
III. PHONON DISPERSIONS
The ZB InP phonon dispersion calculated using DFPT is shown in Fig. 1(a) for three different pseudopotentials (BHS without In 4d electrons, ultrasoft including In 4d electrons, and ultrasoft with In 4d and spin-orbit coupling). The different pseudopotentials show excellent agreement for the TA branches. While the LA branches predicted using BHS calculations match the other pseudopotentials near the point, BHS calculations consistently predict higher phonon frequencies at the Brillouin edges. However, the most significant difference in the calculated phonon dispersion occurs in the optical branches. The BHS optical branches are shifted to higher phonon frequencies, confirming the overestimate observed in previous work [15] . A shift to higher optical frequencies implies stronger bonds and could indicate that neglecting In 4d electrons leads to reduced screening and an overestimate of the bonding strength. This also corresponds well with the smaller lattice constant predicted for this case. Overall, the calculations using spin-orbit coupling only lead to very small differences in the phonon dispersion, at most 1-2 cm −1 . Given this close agreement and the computational cost involved, we will neglect spin-orbit coupling for the WZ InP phonon-dispersion calculations. Available experimental phonon-dispersion data [12, 35] for ZB InP are also shown in Fig. 1(a) . The DFPT calculations done with In 4d electrons show excellent agreement with experiment for both acoustic and optical branches, underscoring the importance of including 4d electrons.
Although previous work has shown that GGA significantly overestimates the experimental ZB InP lattice constant [20] , it could still potentially provide a better phonon dispersion than the local density approximation. As an additional check, we ran DFPT calculations for ZB InP using GGA pseudopotentials [36, 37] ). This indicates that GGA has difficulty in correctly predicting both the lattice constant and phonon dispersion for InP.
We also examined the ZB InP phonon dispersion using VASP-PAW calculations (see Fig. S1 in supplemental materials [38] ). The phonon dispersion obtained from the PAW calculations is consistent with the DFPT calculations and experiments qualitatively. However, PAW calculations slightly underestimate the TA 1 branch group velocity compared to the DFPT calculations. DFPT and PAW give similar results for the higher frequency TA 2 branch near the Brillouin-zone center, but PAW calculations predict a higher peak frequency along the -X direction than both experiment and DFPT calculations. These differences could be due to the fact that the real space supercell calculations take into account fewer nearest-neighbor interactions than the q mesh used in the DFPT calculation. The predicted optical branches using VASP PAW are in much better agreement with experiment than the optical branches predicted using In pseudopotentials without 4d electrons. This is most likely due to the fact that the PAW approach also includes the self-consistent relaxation of semicore states, while the pseudopotential approach only takes into account the 5s and 5p In valence states. Previous work on CaF 2 also found that PAW was more accurate than pseudopotential calculations that did not take into account the Ca semicore states [39] .
The WZ InP phonon dispersion calculated using In 4d electrons and PAW pseudopotentials overall agree well [ Fig. 1(b) ]. Similar to the ZB case, the PAW group velocity of the TA branches is slightly underestimated compared to DFPT calculations along all symmetry directions except the -L direction. The PAW calculations do predict an instability for WZ InP with a small region of negative frequencies near the point. The WZ InP acoustic branches calculated using the rigidion model [9] are significantly different than what we obtained. In their calculation, Gadret et al. [9] found the transverse acoustic branches to be widely separated along several highsymmetry directions (i.e., -K), which indicates reduced symmetry. In our calculations, we find the -K TA branches to be nearly identical [ Fig. 1(b) ]. Our predictions also agree with other In-V WZ crystals (e.g., InAs [6] and InN [40] ) where the TA branches along the -K line are nearly degenerate. The rigid-ion parameters used in the previous WZ calculations were fit to the ZB InP phonon dispersion and only include first-and second-nearest neighbor interactions. For optical phonon frequencies at the point (the primary focus of Gadret et al.'s paper [9] ), this approach is probably sufficient to get reasonable estimates. However, WZ and ZB crystals differ in the third-nearest-neighbor interactions and neglecting these additional terms will make it difficult to accurately predict the full phonon dispersion. This could also lead to the broken symmetries observed in the TA branches along certain symmetry lines. The rigid-ion model was primarily developed for ZB crystals, and the extension to WZ is nontrivial. Efforts have been made to scale the localized charge in WZ from its value in the ZB case. However, the localized charge can 054302-3 TABLE II. Calculated optical phonon modes of WZ InP along with modes based on Raman data [9] and a rigid-ion model [9] .
Raman [9] Rigid model [9] depend strongly on other parameters, such as relative ion size in the crystals [41] . Our DFPT calculations, in contrast, take into account force interactions for many nearest neighbors (effectively a 6 × 6 × 6 WZ InP supercell), and our phonon dispersion is in good agreement with that observed in other WZ structures [6, 40] . The calculated optical frequencies are listed in Table II along with measured Raman data and values from the rigid-ion model [9] . The A 1 (TO) mode (304.6 cm −1 ) and degenerate E 2h modes (307.9 cm −1 ) predicted using DFPT are very close to the respective measured Raman values, 302.1 ± 0.8 and 306.4 ± 0.7 cm −1 . Similarly, the predicted A 1 (LO) mode (340.2 cm −1 ) is within the experimental error for the measured A 1 (LO) mode (341.9 cm −1 ). The predicted B 2h frequency is also in good agreement with the rigid-ion model. However, both our calculation using DFPT and the real space approach predict that the E 1 (TO) mode should have a higher frequency than the E 2h modes. This is in contrast to the Raman analysis and the rigid-ion model, which predict that the E 1 (TO) mode should be lower than the E 2h modes [9] . A previous work [8] on InP nanowires with mixed ZB and WZ sections attributed a Raman peak at 244.7 cm −1 to the E 2h mode. However, based on our predicted phonon dispersion, this peak would be in the phonon band gap that exists between the acoustic and low-lying optical modes and the higher optical branches. It is unclear if this observed mode could arise due to WZ-ZB interfaces or surface phonon modes.
In order to provide a more direct comparison with experiment, we also calculated the nonresonant Raman-scattering intensities for WZ InP from density-functional perturbation theory. We followed the approach developed by Porezag and Pederson [42] that has been implemented in the DYNMAT code in the QUANTUM ESPRESSO package. This assumes that the experiment uses a plane-wave polarized laser and that the incident-beam polarization and direction and the observation direction are all orthogonal. As currently implemented, DYNMAT does not work with ultrasoft pseudopotentials, so for these calculations we used norm-conserving FHI LDA pseudopotentials that included In 4d electrons. The predicted optical phonon frequencies show the same trend as our previous results using ultrasoft pseudopotentials, but are shifted to lower frequencies by approximately 3 cm −1 (Fig. 2) . Due to the nonanalytic term in the dynamical matrix, the calculated scattering intensities depend on the direction of approach to the point. To take this into account, we have performed calculations for q points with either a small q x component or a small q z component. This is equivalent to sampling points along the -M and the -A lines, respectively. The full data for Raman intensities for both ZB and WZ InP are included in the supplementary materials (Tables S1 and S2 [38] ). Figure 2 shows the predicted Raman spectra in arbitrary units for the two cases assuming a Lorentzian peak shape with a 1.5 cm
full width at half maximum.
IV. DIELECTRIC CONSTANTS
The high-frequency dielectric constants ( ∞ ) of the ZB and WZ forms of InP were also calculated using DFPT (see Table I ). Previous studies have found that the predicted dielectric constant can be very sensitive to calculation parameters (e.g., k-point mesh and plane-wave cutoff), and we also found that a dense k mesh (32 × 32 × 32) was necessary to provide well-converged values. The predicted dielectric constant also depends strongly on the In pseudopotential used. Using a BHS pseudopotential without nonlinear core corrections, the predicted dielectric constant, 9.24, is lower than the measured value (9.61) [29] . In general, previous studies have found that DFPT-LDA predictions overestimate the dielectric constant. An earlier work using BHS pseudopotentials also found a similar anomalous behavior where the dielectric constant was underestimated at 9.04 [13] . Including nonlinear core corrections, our calculated dielectric constant increases to 10.04. This value is close to a previous estimate that included nonlinear core corrections (10.2) [31] . The slight difference is probably due to the lower plane-wave cutoff (24 Ry) used in the earlier work. As noted before, we found that including the In 4d electrons was necessary to provide optical branches in good agreement with experiment. Based on this, we would expect that the most accurate DFPT-LDA estimates for the dielectric constant should also include In 4d electrons. When 4d electrons are included, they can now participate in screening electric fields and the predicted dielectric constant increases to 11.63. If we also include spin-orbit interactions, the dielectric constant is slightly higher (11.73) , and this corresponds well with the slight reduction in phonon frequencies on adding spin-orbit coupling.
For the case of a WZ crystal, given its lower symmetry, there are two unique terms in the dielectric tensor (in the a-b or basal plane of the crystal, x ∞ = y ∞ , and in the c direction, z ∞ ). Regardless of the pseudopotential used, we find the following key trends. First, the dielectric constant in either direction is always less then the predicted value of the zinc-blende case. Second, the dielectric constant in the z direction is always slightly higher than the in-plane value (e.g., for ultrasoft pseudopotentials Using the Lyddane-Saches Teller relation [43] , we can also calculate the static dielectric constant 0 for the ZB and WZ forms of InP. For ZB, this has the simple expression
This equation can also be generalized to WZ and lower symmetry crystals [44] . For the case of WZ crystals, the LO and TO phonon branches with A 1 and E 1 symmetry can be used to calculate x ∞ and z ∞ , respectively [45] . Using the phonon dispersion calculated with ultrasoft pseudopotentials and no spin-orbit coupling, we find for ZB 0 = 14.076 and for WZ . Previous work on InAs also found that WZ had a slightly higher sound velocity along the c axis compared to ZB [6] . However, measured sound velocities in WZ and ZB InAs nanowires were found be identical within experimental error [46] .
V. SPECIFIC HEAT AND THERMAL PROPERTIES
The constant pressure specific heat (C p ) was also calculated for ZB and WZ polytypes within the quasiharmonic approximation (Fig. 4) . The predicted ZB InP specific heat agrees well with available experimental data [47] . We also find that the WZ InP specific heat is practically identical to that of the ZB phase. This has also been observed in comparisons of the WZ and ZB phases of InAs [6] , GaN [48] , and AlN [48] .
Although a full thermal conductivity calculation of WZ and ZB polytypes is beyond the scope of this work, our results do provide some useful information in regard to heat transfer. In a simple kinetic theory picture, thermal conductivity depends on the specific heat (how much energy a phonon can carry), group velocity (how quickly the energy can be transmitted), and phonon-scattering time (interactions that impede heat flow). Our study shows that [111] and [0001] ZB and WZ nanowires should have nearly identical specific heats and group velocities. Therefore, measured differences in the thermal conductivity for these nanowires will most likely be due to differences in scattering rates, possibly due to phonon-phonon interactions [5] or surface scattering [6] . [47] (open diamonds) are also shown for comparison.
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VI. CONCLUSIONS
In summary, we have calculated the lattice dynamics of WZ and ZB InP from first principles using DFPT and a real space supercell approach. We find that 4d electrons of In play a critical role in describing the optical branches of InP polytypes. Calculated optical modes show excellent agreement with the experimental Raman data for both ZB and WZ cases, in which In 4d electrons are included as valence electrons. However, in contrast to some prior work [9] , we do find that the E 2h modes should be lower in frequency than the E 1 (TO) mode. The spin-orbital interaction was also found to have minimal effects on the InP phonon dispersion. Our work provides an accurate WZ InP phonon band structure that is consistent with the general features of other WZ In-V phonon dispersions and that can be compared with future experimental lattice-dynamical studies. For [0001] WZ and [111] InP nanowires, we also confirm that folding the ZB phonon dispersion along the -L symmetry line works quite well as an estimate for the -A WZ phonon dispersion. The sound velocity in [0001] WZ InP is also found to agree with that predicted for [111] ZB InP nanowires, and the specific heats of ZB and WZ InP are practically identical. The high frequency and static dielectric constant for WZ InP along the c axis were also shown to be higher than those in the basal plane.
